Senescence Marker Protein-30 (SMP30) was originally identified as a novel protein in the rat liver, the expression of which decreases androgen-independently with aging. 1, 2) SMP30 is a 34 kDa protein expressed mainly in hepatocytes and renal tubular epithelia, 1) and its amino acid sequences are highly conserved among vertebrates, i.e., 70 to 90%, strongly suggesting that the age-dependent decreases of SMP30 reported in the liver, kidney and lung may contribute to senescence.
SMP30 is a 34 kDa protein expressed mainly in hepatocytes and renal tubular epithelia, 1) and its amino acid sequences are highly conserved among vertebrates, i.e., 70 to 90%, strongly suggesting that the age-dependent decreases of SMP30 reported in the liver, kidney and lung may contribute to senescence. 1, [3] [4] [5] [6] [7] SMP30 transcripts have been detected in multiple mouse tissues including the liver, kidney, brain, lung and testis by reverse transcription-polymerase chain reaction (RT-PCR) analysis. 7) In humans, immunohistochemical staining has localized SMP30 mainly in parenchymal cells of the liver, proximal tubular cells of the kidney, acinal and ductal cells of the pancreas and fasciculata cells of the adrenal cortex.
2) The human SMP30 gene, which is located in the p11.3-q11.2 segment of the X chromosome, 4) could be a candidate agent of X-linked diseases mapped to that region.
To clarify the physiological functions and the relationships between age-associated decreases of SMP30 and disorders of aged organs, we established SMP30 knockout mice. 8) These knockout animals are viable and fertile but lower in body weight and shorter in life span than the wild-type. 9) Throughout our experiments in vitro and in vivo, the livers of SMP30 knockout mice were far more susceptible to tumor necrosis factor (TNF)-a-and Fas-mediated apoptosis than those from the wild-type. 8) Moreover, histological and biochemical analyses of livers from SMP30 knockout mice showed abnormal accumulations of neutral lipids and phospholipids. 9) This abnormal lipid metabolism must increase the tissues' susceptibility to apoptosis. Such changes of SMP30 expression might, then, account for the deterioration of cellular functions and lowered resistance to harmful stimuli in aged tissues.
We recently identified SMP30 as a gluconolactonase (GNL, EC 3.1.1.17) that is involved in the vitamin C biosynthetic pathway and found that SMP30/GNL knockout mice cannot synthesize vitamin C in vivo. 10) Humans, monkeys and guinea pigs are similarly incapable of synthesizing vitamin C in vivo, because the gluconolactone oxidase gene has mutated throughout evolution; however, mice, rats and many other animals do synthesize vitamin C in vivo. With aging, SMP30/GNL content decreases in the liver, kidney and lung, and such decreases affect the normally copious amount of SMP30/GNL in the livers of younger humans. 2) To discern what, if any, functions SMP30/GNL has in the human liver, we transfected the Hep G2 human liver carcinoma cell line with the human SMP30/GNL gene. In the present study, we found that the over-expression of SMP30/GNL in these Hep G2 cells contributed to the decrease of reactive oxygen species (ROS) formation, presumably increasing the cells' state of oxidative stress.
MATERIALS AND METHODS
Cell Culture Stable transfectants expressing the human SMP30/GNL were established as described previously.
11)
Briefly, a human hepatocellular carcinoma cell line, Hep G2, 12) was transfected with human SMP30/GNL cDNA 4) or, as a control, with pcDNA3 (Invitrogen, Carlsbad, CA, U.S.A.), which did not contain the human SMP30/GNL cDNA insert. A clone with a high level of human SMP30/GNL expression was selected and designated as Hep G2/SMP30. Control cells mock transfected with the pcDNA3 vector only were designated as Hep G2/pcDNA3. Cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum, grown in 75 cm 2 plastic dishes at 37°C in 5% CO 2 and air, and then subcultured weekly.
Preparation of Mitochondrial and Post-mitochondrial
Fractions Cells were washed with ice-cold phosphatebuffered saline and harvested by scraping with a cell scraper in 50 mM phosphate buffer (pH 7.4) and complete protease inhibitor cocktail (Roche Applied Science, Indianapolis, IN, U.S.A.). Cells were homogenized and centrifuged at 600 g for 15 min to remove nuclear fractions. Supernatants were further centrifuged at 12000 g for 15 min; the mitochondrial fraction was then obtained from the precipitate and the postmitochondrial fraction from the supernatant. The protein concentration of each fraction was determined with the BCA protein assay (Pierce Biotechnology, Inc., Rockford, IL, U.S.A.) using bovine serum albumin as a standard.
Measurement of Reactive Oxygen Species (ROS)
The formation of ROS in mitochondrial and post-mitochondrial fractions of cells was measured by using Reactive Oxygen Species Detection reagents (Invitrogen, Carlsbad, CA, U.S.A.). Briefly, oxidation-sensitive carboxy-H 2 DCFDA (C400) fluorescent dye was dissolved in dimethylsulfoxide at a concentration of 10 mM stock and kept at Ϫ80°C in the dark. The solution was freshly diluted with 50 mM phosphate buffer (pH 7.4) to 50 mM before the experiment. Diluted C400 was added to mitochondrial and post-mitochondrial fractions (25 mg protein) in a 96-well plate to achieve a final concentration of 25 mM. The changes in fluorescence intensity were measured every 5 min from 0 to 60 min on a Fluorescence Plate Reader (Gemini EM, Molecular Devices, Sunnyvale, CA, U.S.A.) with excitation and emission wavelengths set at 485 and 530 nm, respectively. The changes of fluorescence intensity from 30 to 60 min were normalized by time and protein concentration and expressed as U/min/mg of protein.
Western Blot Analysis The amount of SMP30 expressed in cells was appraised by Western blot analysis as described previously. 11) Briefly, equal amounts of protein (10 mg) were separated by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) on vertical slab gels containing 14% (w/v) acrylamide and 0.25% (w/v) N,NЈ-methylenebisacrylamide, by the method of Laemmli.
13) Proteins were then electrophoretically transferred from acrylamide gels onto a polyvinylidene fluoride (PVDF) membrane (Millipore, Bedford, MA, U.S.A.) by the method of Towbin et al. 14) The membrane was incubated successively with antirat SMP30/GNL antibody (1 : 5000) 8) and horseradish peroxidase-labeled goat anti-rabbit IgG (Bio-rad Laboratories, Richmond, CA, U.S.A.). Chemiluminescence signals were detected by LAS-3000 imaging system (FUJIFILM, Tokyo, Japan) using ECL TM Western Blotting Detection Reagents (Amersham Bioscience, Piscataway, NJ, U.S.A.).
Determination of Lipid Peroxides Lipid peroxidation was estimated by measuring thiobarbituric acid reactive substances (TBARS). 15) Cells grown in 75 cm 2 plastic dishes were washed with ice-cold phosphate-buffered saline, harvested by scraping with a cell scraper in 0.1% SDS and homogenized. 0.005 ml of 0.8% butylated hydroxytoluene, 0.02 ml of 8.1% SDS, 0.15 ml of citrate buffer (pH 3.5), 0.15 ml of 0.8% thiobarbituric acid solution and 0.07 ml of H 2 O were added to 0.01 ml of cell homogenate (10 mg protein) and pipetted into a tube. The mixture was incubated at 5°C for 60 min and then heated in boiling water for 60 min. After cooling, the colored complex was extracted into 0.5 ml of nbutanol : pyridin (15 : 1), and the fluorescence intensity was measured on a Fluorescence Plate Reader (Gemini EM, Molecular Devices, Sunnyvale, CA, U.S.A.) with excitation and emission wavelengths set at 515 and 553 nm, respectively. The amount of lipid peroxides was calculated as TBARS products of lipid peroxidation and expressed as nmol malondialdehyde (MDA) per mg of protein.
Superoxide Dismutase (SOD) Activity SOD activity was measured using the SOD Assay Kit-WST (DOJINDO Laboratories, Kumamoto, Japan). Briefly, cells were homogenized in 50 mM phosphate buffer (pH 7.4) and complete protease inhibitor cocktail (Roche Applied Science, Indianapolis, IN, U.S.A.) and centrifuged at 10000 g for 15 min. This supernatant was used for determination of SOD enzyme activity according to the manufacturer's instructions.
Determination of Glutathione (GSH) Total GSH was determined using a Total Glutathione Quantification Kit (DOJINDO Laboratories, Kumamoto, Japan) according to the manufacturer's instructions. Briefly, cells were homogenized in 5% salicylsalicylic acid and centrifuged at 8000 g for 10 min. GSH levels in the supernatant were determined according to the manufacturer's protocol by measuring absorbance at 405 nm with an ELISA Plate Reader (Emax, Molecular Devices, Sunnyvale, CA, U.S.A.).
Statistical Analysis
The results are expressed as meansϮ S.D. The probability of statistical differences between experimental groups was determined by unpaired Student's t-test. A statistical difference was considered significant at pϽ0.05.
RESULTS

Over-expression of Human SMP30/GNL in Transfectants of Hep G2 Cells
To clarify the physiological functions of SMP30/GNL in the human liver, we prepared Hep G2/SMP30 cells with a stable and abundant expression of human SMP30/GNL. Western blot analysis revealed that the amount of SMP30/GNL expressed in the Hep G2/SMP30 cells was 10.9-fold higher than that in Hep G2/pcDNA3 mock-transfected control cells (Fig. 1) . Morphologically, the Hep G2/SMP30 and Hep G2/pcDNA3 cells were identical when examined by phase-contrast microscopy (data not shown).
ROS Formation in Hep G2/SMP30 Cells
To examine the effect on ROS formation from over-expression of human SMP30/GNL in Hep G2 cells, the mitochondrial and postmitochondrial fractions prepared from Hep G2/SMP30 and Hep G2/pcDNA3 cells were measured for ROS by using oxidation-sensitive C400 fluorescent dye. In both the mitochondrial and post-mitochondrial fractions from Hep G2/SMP30 Fig. 1 . Over-expression of Human SMP30/GNL in Hep G2/SMP30 Cells cells, the formation of ROS was a significant 24.0% and 18.1% lower than that from Hep G2/pcDNA3 cells, respectively (Fig. 2) .
Since ROS formation was decreased in Hep G2/SMP30 cells, we next determined the amount of lipid peroxidation, which was calculated as TBARS products in Hep G2/SMP30 and Hep G2/pcDNA3 cells. TBARS products from Hep G2/ SMP30 cells were a significant 43.1% lower than that from Hep G2/pcDNA3 cells (Fig. 3) .
Antioxidant Levels in Hep G2/SMP30 Cells To assess whether the over-expression of human SMP30/GNL affects antioxidant levels, we measured the SOD activity and GSH levels in the Hep G2/SMP30 and Hep G2/pcDNA3 cells. Like the decrease in ROS, total SOD activity was also diminished in Hep G2/SMP30 cells, i.e., a significant 42.6% less than in Hep G2/pcDNA3 cells (Fig. 4A) . Moreover, the difference was even greater for GSH levels, which in Hep G2/SMP30 cells were a significant 62.4% lower than that in Hep G2/pcDNA3 cells (Fig. 4B) . Thus, over-expression of SMP30/GNL in Hep G2 cells contributed to the decrease of ROS formation accompanied by a decrease of lipid peroxidation, i.e., SOD activity and GSH levels.
DISCUSSION
We report here, for the first time, that over-expression of SMP30/GNL contributes to the decrease of ROS formation in human hepatic carcinoma Hep G2 cells. Decreased ROS formation resulted in the low levels of lipid peroxidation, SOD activity and GSH we documented in Hep G2/SMP30 cells.
SMP30 was recently identified as a lactone-hydrolyzing enzyme GNL, which is a key enzyme involved in the synthesis of vitamin C in numerous animal species.
10) SMP30/GNL knockout mice developed symptoms of scurvy when fed a vitamin C-deficient diet, verifying the pivotal role of SMP30 in vitamin C biosynthesis. In addition, vitamin C depletion in SMP30/GNL knockout mice resulted in an increase of superoxide generation in the brain. 16, 17) Mice, rats and many other animals can synthesize vitamin C in vivo; however, humans, monkeys and guinea pigs have lost this ability owing to evolutionary changes that yielded point mutations of the gluconolactone oxidase gene. Logically, then, SMP30/GNL must perform other physiological functions, because SMP30/ GNL proteins are produced abundantly in the liver, kidney, pancreas and adrenal cortex of humans.
2) Our previous report described the use of Hep G2/SMP30 cells in which the overexpression of SMP30/GNL resulted in an enhanced Ca 2ϩ efflux via activation of the calmodulin-dependent Ca 2ϩ -pump in Hep G2/SMP30 cells. These cells then became resistant to injury caused by high concentrations of intracellular Ca 2ϩ . 18) Furthermore, over-expression of SMP30/GNL in Hep G2 cells induced the formation of numerous microvilli and bile canaliculi.
11) The formation of microvilli and bile canaliculi is essential for the construction of liver tissues and maintenance of liver functions. The association of cytosolic-free Ca 2ϩ with cell shape and dynamics of the actin cytoskeleton, as well as the formation and disassembly of cell-to-substrate adhesions, is well known. 19) Ca 2ϩ also serves as a second messenger in many biochemical signal-transduction events. 19) These observations strongly suggest that the cause of decreased ROS formation in Hep G2/SMP30 cells may be intracellular Ca 2ϩ modulation by SMP30/GNL over-expression.
In addition, we previously examined whether SMP30/GNL has radical scavenging ability by using recombinant human SMP30/GNL, which has enzyme activity and oxidation-sensitive C400 fluorescent dye in the Fe 2ϩ /ascorbic acid. This di- rect system induced ROS generation in vitro 20) ; however, no radical scavenging ability by SMP30/GNL itself was detected (data not shown). Instead, our present results indicate that the over-expression of SMP30/GNL in Hep G2 cells contributes to a marked decrease of ROS formation as well as a decrease of lipid peroxidation, SOD activity and GSH levels. These results strongly suggest that SMP30/GNL has antioxidant ability indirectly and that the down-regulation of SMP30/GNL during the aging process may increase the formation of ROS to the detriment of cells.
